The association of an increased risk for periodontal disease prevalence and progression with the presence of T. forsythia above certain thresholds has been demonstrated. 9, 10 In spite of the overwhelming evidence implicating T. forsythia in the pathogenesis of periodontitis, this bacterium remains understudied, in part due to the challenges of working with T. forsythia in the laboratory, which includes its slow growth. Nonetheless, several potential virulence factors have been identified in T. forsythia; they include a cell surface-associated protein (BspA) necessary for attachment and invasion of epithelial cells 11 ; a cysteine protease (PtrH) with a hemolytic activity that correlates with periodontal attachment loss 12 ; a trypsin-like protease 13 ; sialidases SiaHI 14 and NanH 15 ; a matrix metalloprotease (karilysin) involved in the inhibition of all pathways of the complement system and in the degradation of peptides LL-37 16 ; and a subtilisin-like serine protease (mirolase) involved in the hydrolysis of human fibrinogen. 17 Recently, KLIKK proteases have been described as potential virulence factor. 18 Lately, the outer membrane of T. forsythia has been analyzed resulting in the identification of 221
proteins suggesting the existence of additional T. forsythia virulence
factors not yet identified. 19 In our previous studies, we used metatranscriptomic analysis to compare community-wide in vivo gene expression of the human oral microbiome to capture a snapshot of gene expression on healthy vs diseased sites 8 and on sites with progressing periodontitis vs its baseline (the initial sample). 20 The present study is based on the in vivo gene expression profiles of T. forsythia during periodontitis progression 20 within the periodontal pocket, which highlights its potential clinical relevance. The analysis showed a dramatic upregulation of bfor_1659 ORF in progressing sites (compared with their baseline). BFO_1659 has homology to dipeptidyl aminopeptidase IV (DPP IV). DPP IV is a serine protease that cleaves X-Pro or X-Ala dipeptide at the penultimate position from N-terminal ends of polypeptide chains, and most importantly, it is associated with collagen destruction. Collagen is the main structural protein in the extracellular matrix (ECM) in connective tissues in mammals 21 and is composed of a triple helix with a majority pattern of Gly-Pro-X or Gly-X-Hyp. The periodontium is mainly composed of collagen type I, which accounts for 80%-85% in the gingiva to 90% in the alveolar bone. Type III is the second most predominant collagen in the periodontal tissue accounting for about 15% of the total. In alveolar bone and cementum, type III is restricted to Sharpey fibers, type IV is present in basement membranes, type V on fibers and blood vessels, and type VI collagen is present on microfibrils. 22 In periodontitis, the destruction of the periodontium is a coordinated process of collagenolytic enzymes and collagen-like substrates from the host and the oral microbiota. As stated previously, BFOR_1659 was highly expressed during periodontitis progression in the periodontal pocket where T. forsythia is interacting with the host and the oral microbial community, which highlights its potential clinical relevance. To gain knowledge of the contribution of T. forsythia to periodontal tissue destruction, we have characterized the collagenolytic properties of BFO_1659.
| ME THODS

| Bacterial strains and growth conditions
Tannerella forsythia 92A2 was grown anaerobically using a GasPak system (Mitsubishi Gas Chemical Company Inc) at 37°C for 3-7 days on Trypticase Soy Agar (TSA) supplemented with 5 g L −1 yeast extract 
| Supernatant and cell lysate
| Production of recombinant proteins
In total, three proteins were expressed and purified as His 6 -tagged recombinant proteins as follows: rDPPIV corresponding to the entire BFOR_1659 protein, rDppIV-N (DPP IV domain at the N-terminal end), and rPepS_9 (peptidase domain at the C-terminal end). The fragments were PCR-amplified using Phusion High-Fidelity DNA polymerase, and the primers were engineered with NdeI and XhoI hanging at the 5′ end of forward and reverse primer ( 
| Western blots
For all Western blots, the same amount of protein was mixed with an equal volume of Laemmli sample buffer, denatured by boiling, and loaded onto precast 4%-20% polyacrylamide gels (GenScript). After 
| Collagen degradation activity
Collagenase activity was measured on a range of substrates. For all of them, three independent biological replicates were done. 
| Collagen-like substrates
| Collagen type I and type III
We assessed the degradation of collagen type I and type III present in combination in Bio-Gide ® membranes (Geistlich Biomaterials).
Bio-Gide The noncollagenous protein values were used to normalize the results of collagen because protein levels are relative to the cell density of the samples. Beyond the Tannerella genus, the highest similarity and identity (99% and 84%, respectively) was found in genomes of Parabacteriodes sp BFOR_1659 shares 62% identity to P. gingivalis DPP IV and 44% to human DPP IV.
| RE SULTS
BFOR_1659 belongs to the same family of proteases (prolyl oligopeptidase family, S9, MEROPS Database). BFOR_1659 shares 62%
and 44% amino acid sequence identity with P. gingivalis and human DPP IV, respectively. All the critical features of the catalytic machinery are structurally conserved, including the S1-pocket accommodating the proline, the catalytic triad, the oxyanion hole required for stabilization of the transition state and tetrahedral intermediates, the two glutamates that bind the positively charged N-terminus of the substrate, and the S1′ pocket that maintains a sharp bend in the substrate's backbone. All these features have been described in detail for human DPP IV. 25, 26 The analysis of the S1-pocket, S2-glutamates, S2-extensive residues and S1-residues are depicted in Figure 1 . The S1-pocket is located next to the catalytic site which is Ser 612 (Ser 593 on P. gingivalis DPP IV). 27 Based on the structural alignment, the residues flanking the S1-pocket are identical in human, P. gingivalis, and T. forsythia DPP IV. The residues on the S2-extended pocket are F I G U R E 1 Structural sequence alignment of human, P. gingivalis and T. forsythia DPP IV (BFOR_1659). Signal peptide in black bold at the N-terminus, with a cleavage site between two glutamines Q-Q at positions 21 and 22 in BFOR_1659 and between threonine and glutamine (Q-T) at position 17 and 18 in P. gingivalis DPPIV. In bold red is the active site on the three proteins located at Ser-593, Asp-668, and His-700 (adopting BFOR_1659 numbering). The S1-pocket, highlighted in yellow is hydrophobic, lipophilic residues Tyr-594, Tyr-629, Trp-622, and Val-619 are almost identical between the three proteins. BFOR_1659 harbors Phe instead of Tyr-594 and Pro instead of Val. The S2-pocket is highlighted in green. Porphyromonas gingivalis DPP IV and BFOR_1659 lack the phenylalanine and arginine present in human DPPIV. In the three enzymes, the positive charge of the amino terminus of the substrate peptide is neutralized by the negative charge from the two glutamate residues flanking S2-pocket at the Glu-195 and Glu-196
not completely conserved in P. gingivalis DPP IV and BFOR_1659.
One could think that the ligands that take advantage of these local differences of the S2-extended pocket might be more selective for a particular DPP IV form.
To characterize BFOR_1659, we first induced and semipurified We started the characterization of BFOR_1959 by evaluating the gelatinolytic properties of the recombinant proteins. Knowing that BFOR_1659 is secreted into the medium, we checked the dynamics of expression by determining the peak of activity in time series experiments. We tested the hydrolysis of fluorescein-labeled DQ gelatin conjugate substrate after incubation with the proteins at equal concentration. This substrate is highly labeled so that the fluorescence signal is quenched until enzymatic digestion yields highly fluorescent fragments. To get a better approach we paired time point
samples with growth curve and tested supernatant samples of T.
forsythia growth at 6 hours, 24 hours, 96 hours (4 days), 216 hours (9 days), and 312 hours (13 days). Tannerella forsythia doubling time is 14.2 hours and the stationary phase starts approximately after 4 days of growth (data not shown). Figure 4A shows that the highest level of gelatin degradation was detected after 4 days (beginning of stationary phase). Subsequent experiments were performed with supernatants from 4-day-old cells.
We then assessed the gelatinolytic properties of BFOR_1659. Figure 4B summarizes those results. The higher activity was present in the supernatant, and it was arbitrarily taken as the standard, followed by rDPPIV which represented 63% of the supernatant activity. The cell lysate retained a low activity of 8%, and the independent F I G U R E 4 Collagen-like degradation assays. A, Time series experiment to determine the level for expression of BFOR_1659 in supernatants at different times of growth using EnzChek Gelatinase assay. Twenty micrograms of total protein from each supernatant were tested (n = 3). B, Gelatinolytic activity of recombinant proteins (EnzChek assay). In all cases, 20 µg of total protein from each sample were tested (n = 3), supernatant 96 h was taken as reference. C, DPP IV-Glo Protease Assay measuring specific DPP IV activity on 20 µg of each protein tested (n = 3), supernatant 96 h was taken as reference. D, Hydrolysis FALGPA peptide 20 µg of total protein from each sample was tested (n = 3). Collagenase of C. hystolyticum was taken as a standard of hydrolysis. E, Degradation of collagen type I and III in FITC-labeled Bio-Gide bilayer collagen membranes, 20 µg of each protein were tested (n = 3). Collagenase of C. hystolyticum was taken as reference domains were unable to digest this substrate even after 5 hours of incubation.
The collagenolytic activity assessment was tested on different collagen substrates: (a) proteolysis of Gly-Pro-aminoluciferin. This assay is specific for DPP IV activity. As shown in Figure 4C , the higher activity was also present in supernatant samples, followed by the rDPPIV which represented 60% of supernatant activity. This percentage is very close to the one found on the gelatinolytic test (63%). In contrast, the cell lysate showed less than 1% of activity, and rDppIV-N and rPepS-9 showed no detectable activity. (b) hydrolysis of FALGPA peptide. A total of 10 U ml −1 of C hystolyticum collagenase was taken as 100% of activity. The complete protein (rDPPIV) showed the highest hydrolysis, which represented 40% of control while the rDppIV-N and rPepS_9 fragment only had 16%
and 2%, respectively. ( Figure 4D ). (c) Collagen types I and III combined in the same matrix. We tested the hydrolysis of Bio-Gide ® membranes previously labeled with fluorescein isothiocyanate. We also use 10 U ml −1 of C. hystolyticum collagenase as 100% activity.
As Figure 4E shows, the hydrolysis of the supernatant corresponded to 70% rDPPIV hydrolyzed 53%, rDppIV-N 8.7%, rPepS_9 6.0%, and 
| D ISCUSS I ON
Periodontitis is a polymicrobial disease characterized by chronic inflammation of the gingiva that, if untreated, leads to the destruction of tooth-supporting tissues. It is apparent that the functions of distinct species within the subgingival microbiota are intimately intertwined with the rest of the oral microbial community and the host.
This point highlights the relevance of examining the gene expression profile of specific species of the subgingival microbiota, in the context of the periodontal pocket. To gain more insights on the onset and development of the periodontal disease, we have previously carried out independent studies on in vivo gene expression profiles of the oral microbial community in severe periodontitis 8 and periodontal disease progression. 20 Tannerella forsythia is strongly associated with the pathogenesis and progression of periodontitis. 5 To provide a better understanding of the contribution of T. forsythia to the onset of periodontal disease, we have focused our research efforts on the in vivo gene expression patterns of T. forsythia, during periodontitis progression. 20 Our studies revealed that T. forsythia expressed bfor_1659 at high levels during periodontitis progression and most importantly this upregulation occurs within the periodontal pocket in which bacteria-bacteria and bacteria-host interactions shape its behavior, thus validating BFOR_1659 potential clinical relevance. Collagen is the main structural protein in the extracellular matrix in connective tissues in mammals. 28 It is composed of a triple helix with a majority pattern of Gly-Pro-X or Gly-X-Hyp. So far, 29 types of collagen have been described with collagen type I being the most abundant in the human body.
29-31
The periodontium is mainly composed of collagen type I, which accounts for 80%-85% in the gingiva to 90% in the alveolar bone.
Type III is the second most predominant collagen in gingiva representing about 15% of the total. In alveolar bone and cementum, type III is restricted to Sharpey fibers. Type IV collagen is present in basement membranes, type V in blood vessels, and type VI in microfibrils. 32 The destruction of periodontal tissue is a critical feature of chronic and aggressive periodontitis and the degradation of gingival collagen initiates the formation of the periodontal pocket, which harbors the growth of anaerobic species. The tissue destruction may result in the local impairment of the blood supply, and the buildup of metabolites from protein hydrolysis results in the reduction of redox level. 33 The proteins involved in collagen destruction processes are considered virulence factors given their crucial role in tissue degradation. DPP IV has been directly linked to periodontitis, as it is present in the saliva of chronic periodontitis patients. 21, 34 Moreover, the positive correlation between high levels of DPP II and DPP IV in gingival crevicular fluid and periodontal attachment loss has been reported. 22, 35 In the working model, the periodontally diseased sites are wounds that do not heal as a result of unresolved chronic inflammatory processes 36 and constant bacterial protease aggression. It has been shown that P. gingivalis secretes endopeptidases (Arg-gingipains and Lys-gingipains) as well as exopeptidases (DPP IV, DPP-7, DPP11, PTP-A, and CPG-70) with the ability to degrade collagen type I. 37-39 DPP IV from P. gingivalis has recently been fully characterized. 27 As mentioned above, BFOR_1659 shares 62% and 44% amino acid sequence identity with the corresponding genes from P. gingivalis and the human DPP IV, respectively. All the critical features of the catalytic site are structurally conserved, including the S1-pocket accommodating the proline, the catalytic triad, the oxyanion hole required for stabilization of the transition state, and tetrahedral intermediates, the two glutamates that bind the positively charged N-terminus of the substrate and the S1' pocket that maintains a sharp bend in the substrate's backbone.
All these features have been described in detail for the human DPP IV. 25, 26, 40 The analysis of the S1-pocket, S2-glutamates, S2-extensive residues, and S1-residues and the catalytic site, show a high similarity between human, P. gingivalis DPP IV, and BFOR_1659. 27 Based on the structural alignment, the residues flanking the S1-pocket are identical in human, P. gingivalis, and T.
forsythia DPP IV. The residues on the S2-extended pocket are not completely conserved in P. gingivalis DPP IV and BFOR_1659. One could think that the ligands that take advantage of these local differences in the S2-extended pocket might be more selective for a particular DPP IV form. The structural conservation among these three enzymes strongly suggests that they might cleave the same substrates including collagen. Interestingly, mice injected with P.
gingivalis mutant strain lacking DPP IV developed fewer abscesses and survived longer than mice injected with the wild-type strain (P. gingivalis strain W83). These data suggest that DPP IV plays a crucial role in virulence. 41 DPP IV has also been proposed to play a role in the pathogenicity of streptococci. [42] [43] [44] It is often difficult to distinguish true collagenases from gelatinases or other bacterial proteases. For vertebrates, the difference between collagenases and gelatinases is evident, as they hydrolyze native collagen (or water-insoluble native collagen) at a single peptide bond across the three alpha chains. 45, 46 After this initial fragmentation, resulting fragments tend to uncoil into collagen polypeptides, which are more susceptible to other proteases, such as gelatinases and the majority of microbial collagen-degrading In this report, we have also explored BFOR_1659 localization.
It is known that secreted proteins are important in bacterial pathogenesis by invading surrounded tissue which might also facilitate toxin diffusion. 50, 52 We found that BFOR_1659 is a secreted protein.
Contrary to P. gingivalis DPP IV which is also a secreted protein but remains associated with the membrane and to human DPP IV that is on the cellular membrane, 53 BFOR_1659 is released into the medium. Interestingly, the time series experiments showed a peak in secretion at 4 days of growth, at the end of its exponential growth curve. It has been also reported that in E. facealis and L. monocitogenes, the expression of gelatinases is higher at the end of the logarithmic phase. 54 The fact that BFOR_1659 is secreted into the tissue and is able to degrade collagen can give T. forsythia an ecological advantage compared with noncollagenolytic bacteria. Degradation of some extracellular components could help T. forsythia reach the anaerobic environment in deep periodontal sites. 50, 51 It is known that the subgingival microbiota produces proteolytic enzymes; some are secreted, bound within the cell envelope, or shed in vesicles. Porphyromonas gingivalis, the most studied member of the "red complex," expresses periodontain, a well-characterized cysteine protease. 55 Periodontain can degrade gelatin but not native collagen or fibrinogen. 53 Another well-characterized enzyme from P.
gingivalis is the exopeptidase prolyl tripeptidyl peptidase A (PtpA).
PtpA is a cell surface-associated serine peptidase involved in the final processing of collagen/gelatin. [56] [57] [58] Interestingly, Arg-gingipains from P. gingivalis can cleave type I collagen, only when they are attached to the cell surface. 59 Contrary to BFOR_1659, the activity of DPP IV from P. gingivalis has been associated with cell membranes and not with supernatant activity.
Recently it has been documented that T. forsythia can degrade collagen types I, III, and IV. However, this activity has been associated with proteins linked to the membrane 60 and in the sonic extract of T. forsythia, 61 and it is therefore independent of BFOR_1659 activity. It is tempting to think that the destruction of the periodontium is a coordinated event of the action of enzymes produced by the oral microbial community and one of the reasons why the oral pathogens persist, causing disease. it is a membrane protein (Figure 1 ). To date, the transport system of BFOR_1659 is unknown. In bacteria, two major pathways have been described for secretion of proteins across the cytoplasmic membrane: the general Secretion route (Sec-pathway) and the Twin-arginine pathway (Tat-pathway). 54 We previously showed that SecD, SecE, and SecY, described in the Sec-pathway, as well as twin-arginine targeting, translocated proteins (TatA-E) were upregulated in T. forsythia during disease progression. 20 Those results might suggest that the transport system of BFOR_1659 could be a mix of secretion pathways; however, further investigation needs to be done to prove that concept.
In the present study, we characterized BFOR_1569 as a degrading protein using different types of gelatin, collagen type I, III, and native collagen. Gelatin is a form of partially hydrolyzed collagen that is a substrate for a wide variety of proteases. It has been reported that P. gingivalis has glycyl-prolyl dipeptidyl aminopeptidase to act on partially digested collagen and gelatin 62 and P. gingivalis PrtT cysteine protease is linked to the degradation of only denatured or easily accessible peptides. 56, 62 In our experiments, rDPPIV and the supernatant samples showed the capacity to digest gelatin. The gelatinolytic activity was deficient in the independent motifs rDppIV-N and rPepS_9. Interestingly, the cell lysate showed activity suggesting the T. forsythia possesses membrane-associated proteins with gelatinolytic capacity. FALGPA a synthetic peptide that mimics the structure of collagen type I, was efficiently hydrolyzed by rDPPIV.
Contrary to other tests, rDPPIV was able to hydrolyze FALGPA more efficiently than the supernatant sample. These results suggest that other components present in the supernatant could inhibit either the hydrolysis of FALGPA or that the concentration of BFOR_1659 in the supernatant is lower than the pure rDPPIV. Both independent domains showed similar hydrolysis, lower than the complete protein.
Our results suggested that besides BFOR_1659, T. forsythia secretes other proteins with the ability to digest collagen-like substrates and gelatin.
BFOR_1659 was also able to degrade collagen type I and III present in Bio-Gide ® membranes and on cultures of human gingival fibroblasts. It has been reported that Treponema denticola and P.
gingivalis have the capacity to degrade Bio-Gide ® membranes, but not their culture supernatants. The oral pathogen Aggregatibacter actinomycetemcomitans cannot, however, degrade collagen type I and III in those membranes. 63 For combined collagens, this trend was similar to degradation of collagen-like substrates. As stated above, the gingival tissue is formed by a mix of type I and type III
primarily; therefore, we tested BFOR_1659 ability to cleave the extracellular matrix on cultures of human gingival fibroblasts since the degradation of all types of collagens is crucial for bacterial subgingival invasion. 64 The degradation of the ECM was evident in the cell culture images. It is described that fibroblasts are also collagenase producers. Those enzymes are released during wound healing, cancer, fertility, and infection diseases. Bauer E. et al 1975, demonstrated that fibroblasts in cell culture could release active form of collagenases either after withdrawing serum or during preincubation with trypsin. 65 To evaluate BFOR_1659'S ability to break down collagen we controlled the HGF-1 production of collagenase by adding whole serum in the medium. Despite that, it is possible that fibroblasts might contribute a small level to the destruction of collagen in the extracellular matrix of HGF-1 cultures. However, the higher degradation of ECM was observed only after incubation with rDPPIV not when the independent domains were tested.
Those results suggest that BFOR_1659 needs to be complete to show full activity.
Recently two proteases have been identified in T. forsythia with the collagenolytic activity that does not share consensus sequences with BFOR_1659: a chymotrypsin-like serine protease that cleaves collagen type I but not type IV 60 and KLIKK proteases that degrades host proteins including collagen. 17 There is growing evidence implicating T. forsythia in periodontal destruction. In this work, we show that BFOR_1659 can break down gelatin, collagen type I, a combination of collagen types I and type III, and native collagen present in HGF-1 cultures. Based on the results we propose that T. forsythia might contribute to the destruction of periodontium by breaking down collagen through BFOR_1659 activity during periodontitis progression. 
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